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Abstract 
This dissertation was written as a part of the MSc in Energy Systems at the International 
Hellenic University. 
This Dissertation thesis focuses on CFD simulation of natural ventilation in Municipal 
Aquatic Center of Kozani. The outcome of previous work (measurements and calcula-
tions) is used as input. Accordingly, the distribution of temperature, pressure, air veloci-
ty and CO2 concentration is calculated. This combination of measurements, 1D and 
CFD approaches provide an integrated solution to the problem of ventilation calculation 
This could compromise a good step in the design of aquatic centers. CFD approach 
gives the opportunity to find out the optimum openings, their size and their position, in 
order to achieve comfort condition for the users of the natatorium. The weak spots of 
design are revealed, and they could be improved. 
At this point, I would like to thank my professor G. Skeyis for the help he provided me 
throughout my diploma thesis. As well as, many thanks to my family and my friends for 
their moral support. 
 
 
 
 
 
Maria Markogiannaki 
18/12/17 
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1 Introduction 
This Diploma Thesis focuses on the CFD calculation of ventilation at an Aquatic Cen-
ter. More specific, it deals with the investigation of ventilation in the Municipal Natato-
rium of Kozani. 
Both the natural and the enforced ventilation are essential to buildings and especially to 
natatoriums, in order to ensure air quality and to protect occupant’s health. However, in 
order to minimize financial and environmental costs, natural ventilation seems the op-
timum choice. The focus should be on the designing of the proper openings in order to 
achieve as better ventilation rate as possible. 
The Municipal Natatorium of Kozani is located at the limit of the urban fabric, while it 
can be regarded as a single unit with the Indoor Sports Centre, which is located nearby. 
The building’ s envelop is marked as obsolete. The main space of the natatorium is di-
vided in three zones, the pool area, the locker room and the office. The energy perfor-
mance of the building may be classified as inefficient. It operates from Monday to Sat-
urday and the hours from 09:00 to 22:30. 
Measurements were performed between June and July 2016. The measured data re-
ferred to the temperature and humidity of internal air, building elements surface temper-
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ature, CO2 concentration of internal air, UV solar radiation and air speed inside the na-
tatorium. A meteorological station was installed nearby the natatorium, in order to ob-
tain climatic conditions. These data where used in this diploma thesis as boundary con-
ditions in order to perform the CFD approach. 
For the calculation of the ventilation rate, Comis software was used. The results of this 
calculation were also used for boundary conditions. Air flow was converted to velocity 
inlet. In this way, inlets were set at the Ansys software. 
Subsequently, the content of each Chapter is described below. 
Literature Review is described in Chapter 2. An introduction to the concept of ventila-
tion has been made and the reasons why is it important. Ventilation in sport centers, es-
pecially in aquatic, was explicated exhaustively. With regard to the aquatic centers, 
proper ventilation and fresh air supply is required to remove harmful substances from 
the air above the pool and to control the indoor environment quality. One very im-
portant guide is that the supplied air to the pool’s and to the spactator’s area should be 
independent. Mechanical ventilation such as movable roof, air duct, air distribution sys-
tem and openings positioned appropriately (small air inlets located under the seats) for 
air extraction could help by improving air circulation. However, by adopting measures 
for natural ventilation the same thermal comfort is achieved by much lower energy cost. 
There are specific design guides for the installation and the dimensioning ventilation 
openings in order to ensure that the necessary air changes per hour is achieved, depend-
ing on the prevailing wind conditions in the area. CFD calculation provides the neces-
sary information in order to design these openings. Design Guides also provide infor-
mation about the thermal conditions that should be preserved in Aquatic Centers. 
In Chapter 3, a description of the Kozani Municipal Swimming Pool was made. Initial-
ly, the individual spaces (Pool area, Locker room, Office) were presented. Then, energy 
systems and energy behavior of the building were mentioned. Pictures and drawings of 
natatorium were presented in order to provide a clearer view of the building. Drawings 
were designed using the Solidworks software.  
Chapter 4, provides the raw data of the model. As it was mentioned, measurements took 
place during summer of 2016. The data that was collected are presented in this chapter. 
At first, the placement of sensor and meteorological station is described. Then, tempera-
ture, relative humidity and CO2 emissions that was measured are given in the form of 
graphs. Comis software results are also presented. These data, were used in the disserta-
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tion thesis as boundary conditions. This preliminary study, provided all the necessary 
data in order to simulate the airflow inside Kozani’s Natatorium. 
CFD approach is described in Chapter 5. At first, mesh development is mentioned. The 
mesh grid is a less dense grid with tetrahedrons finite elements of size that ranges from 
0.0753968 m to 2.04792 m and their growth ratio is 1.2. Subsequently, model was set 
up. As it was mentioned, the results that are described in Chapter 4 are selected to be the 
inputs. Afterwards, figures of Ansys simulation were presented. Different colors in 
these figures show the distribution of air speed, temperature, pressure and CO2 concen-
tration inside the building. There are also line graphs to determine the exact values of 
these variables. The examined scenarios were three. First one is the current condition of 
natatorium calculated isothermal, with heat transfer and with both heat transfer and CO2 
release. Second Scenario is the one with alternative openings at the building, while the 
third is the one that examine the audience effect on CO2 concentration by doubling the 
number of people.  
In the end, conclusions are presented in order to provide the results of this dissertation 
thesis and also to give feedback for further research in this area. 
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2 Literature Review 
In this Chapter, the concept of ventilation is going to be introduced. At first, a brief ref-
erence to the importance of ventilation with respect to human health is described. Con-
sequently, the meaning of natural and mechanical ventilation in sport centers and espe-
cially at swimming pools is mentioned.  In parallel a review of the relevant literature in 
this topic will be presented. 
2.1 The issue of thermal comfort in crowded places 
Indoor air quality has been global public concern for many years, as most people spend 
up to 90% of their time indoors. [1] Thereby both natural and mechanical ventilation 
seems to be very important at the places where people occupy. In the case of lack of 
ventilation, phenomena of internal pollution and high humidity are observed, jeopardiz-
ing human health. The minimum amount of fresh air, that is required, is raised to 1.8 
m3/h per person. [2]. 
A useful size for quantifying the amount of fresh air is the number of air changing 
(ACH), which gives the air exchange in a space as a multiple of the volume of space per 
hour. The unit which measures the number of air changes is 1 / h. Table 2.1 illustrates 
the minimum air variations that are needed to be carried out in different places and 
buildings, as reported in ANSI / ASHRAE Standard 62.1-2004 [3]. 
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Table 2. 1  Minimum air variation [3] 
Place ACH 
Bedroom 1 
Classroom 1 
Office 1 
Resturant 2 
Gymnasium 2 
Natatorium 2 
 
The proposed requirements for fresh air in a natatorium during the operating hours are 
about 10 m3/h per square meter of water surface [2] assuming that the air velocity above 
the pool area is 0.05-0.15 m/s [4], which has been found to satisfy the needs in a wide 
range of swimming pools. This normally leads to 5 air changes per hour (ACH) and 2 
(ACH) for the pool area. The actual demand for outdoor air depends on the amount of 
the evaporation water from the pool, the number of people in the natatorium and the 
size of the swimming pool. For the cubicle area, the proposed fresh air supply is 15 
m3/h per unit volume of space, while in the showers it is about 220 m3/h per shower [2]. 
It will be beneficial to maintain the various spaces near the main pool area, to a slightly 
positive atmospheric pressure on the pool area, to avoid air movement and spread of 
chlorine odors out of the pool area. 
2.1.1 The impact of ventilation to human health 
As it mentioned, human health is threatened by insufficient ventilation. Humans spend 
most of the time indoors either at home or at workplace. In this respect, air quality is 
very important. The components whose increase in concentration causes internal pollu-
tion are carbon dioxide, carbon monoxide, sulfur dioxide, nitrogen dioxide, formalde-
hyde, hydrocarbons and dust. For the case of aquatic centers, the spread of chlorine 
odors of the pool has a bad impact to the human health too. Simultaneously, the increase 
of harmful to the health microorganisms (bacteria, viruses and fungus) is very often at 
sport centers, and especially aquatic. 
Symptoms observer in people who spend a lot of their time in such buildings, with lack 
of ventilation can be divided into the following categories [5] 
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Respiratory symptoms 
➢ shortness of breath 
➢ dry cough 
➢ sore throat 
➢ rooting 
➢ rhinorrhea 
➢ sneeze 
Ocular Symptoms 
➢ irritation to the eyes 
➢ headaches 
Psychological symptoms 
➢ mental fatigue 
➢ difficulty in concentrating 
➢ lethargy 
➢ bad mood 
Skin Symptoms 
➢ skin irritation (rashes) 
Other symptoms 
➢ dizziness 
➢ nausea 
For aquatic centers, the most common symptoms are respiratory, ocular and skin. So, 
good air quality may prevent a lot of problems concerning human health and comfort. 
2.2 Ventilation in sport centers 
In general, sport facilities have large spaces with a relative high roof and large volume 
to floor ratio, as a result the have high volume per user, while the number of air changes 
is small.[6] 
Indoor sport facilities could have a mobile or fixed roof in order to function well. An 
open – top sporting center does not require mechanical ventilation but restricts the in-
stallation of the air ducts. However, when the roof is closed mechanical ventilation is 
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necessary for large sized sport centers. Since the inlet and outlet ports of the system are 
fixed points frequent air refreshment and distribution are difficult to happen correctly 
[4]. Thus, the air duct and air distribution system must be easy to adjust in order to pro-
vide flexibility in use.  
With regard to the aquatic centers, proper ventilation and fresh air supply is the main 
way of removing harmful substances from the air above the pool and for controlling the 
indoor environment quality, which is affected by the chlorine by-products which are 
evaporated by the pool’s water, high temperature and humidity. 
Attention should be paid to the selection of the materials and the protection of the venti-
lation system’s components which are installed, as the removed air from the swimming 
pools may be corrosive. Air should be carefully inserted into the room without causing 
problems to athletes or spectators. The supplied air to the pool’s and to the spectator’ s 
area should be independent. Excessive airflow at the swimming pool area must be elim-
inated as athletes move with little or no clothing and are wet most of the time, some-
thing that make them sensitive to evaporation effects of cooling. Air velocity 2-4 meters 
above the pool area should not exceed 0.13 m/s. At the spectators’ area, air velocity 
could be increased to 0.2 – 0.25 m/s. [7] 
Sport centers have different needs for ventilation according to their purpose. Required 
air changes per hour are different for instance in hall used purely as training facility for 
limited number of athletes, in those who hold sporting events with spectator and in the 
case of multipurpose halls. The proposed total airflow in swimming pools is about 2 air 
changes per hour [7], except the case of air – conditioned spaces. When provided air is 
dehumidified and infiltrated, the air volume can be recirculated in a sport center. 
Recycling of the air could be beneficial in terms of energy savings, but it also could 
have as negative effect the high increase in pollutants in the pool area and the increased 
risk of damaging the grid and the machines. Thus, the possibility of recycling the air 
should be considered when the swimming pool is in partial operation or is not in use, 
when continuous ventilation is applied and in the case the there is a cover on the top of 
the pool. Recirculation must be limited to a maximum of 70% of the air volume, allow-
ing a minimum amount of fresh air input of 30% whenever the pool is in use. [8] 
Pool’s area should be maintained at a slightly negative pressure to prevent the transfer 
of moisture and chlorine odors to the others areas of the building, while pool air should 
not be exported to spectators’ area. Pool air can be used as a supplement for showers 
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and toilets, although an independent system is preferable. Locker rooms and offices are-
as should have separate inflows and positive pressure related to the pressure of the pool 
area. 
In the most cases, the install of a mechanical ventilation system is imperative in order to 
adapt the suit ventilation pattern according to the number of the users in the sport cen-
ters and also the needs of each one. However, by adopting measures for natural ventila-
tion the same thermal comfort by much lower energy use could be achieved. 
2.3 Issues Attributed to Swimming Pool 
Aquatic centers have some special characteristics that could possible cause problems. 
Chlorine is essential for the water’s purification. However, it could be a threaten to hu-
man health in high concentration during the evaporation. Evaporation also increase the 
moisture percentage. Accordingly, ventilation is very important. 
Corrosion also takes place in aquatic centers. The three elements that are responsible for 
that are moisture, warmth and chlorine. All three of them are present in a pool hall.     
In order to avoid those bad elements, large amount of energy is used. This is why, 
Aquatic centers are one of the most energy intensive buildings to operate. According to 
the Office of National Statistics, in 2012 the UK sports sector spent 700 m pounds on 
energy. Approximately 70% of these energy costs can be directly attributed to the 
swimming pool hall and adjoining changing areas. 
However, over the years there has been significant changes to the pool types and the 
usage. Leisure style pools have been increased over this years and also the use of chlo-
rine base disinfection. Moreover, the temperature of the water at the swimming pool is 
getting higher and higher. Over the last 10 years pool water temperature has increased 
by 1oC.  
Specifically, [9] 
• Competition Pools 27°C now 28°C 
• Conventional Pools 28°C now 29°C 
• Leisure Pools 29°C now 30°C 
• Learner Pools 29°C now 31°C 
• Hydrotherapy Pools 35°C now 36°C 
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2.3.1 Natural ventilation in aquatic centers 
Natural ventilation in sport centers and more specific at aquatic is possible, provided 
that the external conditions are favorable. So, the use of fans is recommended in order 
to reduce operating costs and maintain acceptable indoor conditions. Open windows on 
both sides of the main area can ensure good ventilation. Windows placed on the top of 
the shell could also be very helpful (Figure 2.1). The opening of these windows would 
provide the essential airflow at a suitable height without affecting the pool area. The 
installation of a mechanism for opening and closing the windows would be also re-
quired in order to adjust them to the users’ needs. 
The installation and the dimensioning of these natural ventilation windows must be 
carefully designed to ensure that the necessary air changes per hour are achieved, de-
pending on the prevailing wind conditions in the area. CFD calculation could provide 
the necessary information in order to design these openings. 
Air distribution with the use of air intakes placed at the walls, is more economical than 
air distribution with intakes at the roof. The disadvantage of them is the high cost. Air 
inlets above the pool can increase the air flow over the surface of the water and increase 
the exhaust. 
 
Figure 2. 1 Design of an aquatic center with movable roof [10] 
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2.3.2 Mechanical ventilation in aquatic centers 
Most of the times natural ventilation is not sufficient. Accordingly, it is important to in-
stall a mechanical ventilation system to allow automatic recirculation and control of the 
amount of outdoors air that is supplied. (Figure 2.2) Numerical design, simulation and 
prediction of ventilation in sport centers. 
 
Figure 2. 2 Design of an aquatic center with mechanical ventilation system [10] 
 
The ventilation system should include a filter with efficiency of 45-60% at least, in or-
der to ensure comfort and hygiene. The fan system should include return and exhaust 
fans and control system for the outdoors, the exhaust and the return air. Accordingly, up 
to 100% of outdoor air could flow during mild weather conditions to control tempera-
ture and humidity of the center. This could happen with the help of the exhaust-return 
fan which allows the introduction of the outdoor air. In order to control the relative hu-
midity, reheating of the air may be necessary. 
In medium and large sport centers, it is very important to use a combination of different 
entry and exit points to achieve optimal air flow. Air is usually provided by the highest 
levels of the walls. Openings positioned appropriately for air extraction could help to 
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improve air circulation. Small air inlets located under the seats, inject air with a velocity 
smaller than 1.4 m/s, can distribute the air efficiently with minimal   airflow. They 
could be used for horizontal or inclined air flow, in square or circular shape, depending 
on the requirements. Usually, the frontal view of the ventilation nozzle has four sections 
with fixed fins of 90o tilted to each other, from which the air injects with turbulent flow. 
It is common for large sport centers to deliver air with the use of jet-type spray nozzles 
with a range of 15-45 m shot. This type of nozzles can be moved either manually or 
mechanically with the use of a control system, and also to rotate (± 30 °) for better mix-
ing of the air. Air flow distribution at roof height is usually acceptable if the inlets are 
placed with more than 9 meters distance to each other. The design and the efficiency of 
this inlet determine the exact position of placement. The downward injection might be 
unnecessary, provided that the returns of the airflow are placed very low and as a result 
proper air circulation could not happen. 
The exit points on the perimeter of the walls can create noise sources, since it is very 
likely for air to be at high speed in order to reach up to the center of the air-conditioned 
area. This problem could be avoided if the air inlets are placed on the roof and the ex-
traction system helps to a properly redirect and circulation of air to the space. In this 
way, the outdoors air covers the spectators’ area and moves downwards toward the air 
outlet points, which are placed below the seats of spectators. Some amount of air should 
be removed from the ceiling above the spectators’ area to provide better mixing and to 
prevent the creation of hot air zones. Otherwise it is possible to observe radiant heat 
transmission phenomena and cause thermal dissatisfaction. The trap of hot air near  the 
roof is achieved by properly circulating air-conditioned air over the spectators’ area and 
the swimming pool level, so the hot air would be isolated in high zones of the aquatic 
center. At the same time, hot air can be removed from the roof by natural ventilation 
and fans. 
Circular turbine inlets with adjustable blade are suitable for the ceiling mounting. They 
are used in spectators’ area where we have a further problem, as the distance from the 
roof and the thermal loads varies. The discharge angle can be varied by changing the 
position of the blades manually or by a control system, in order to regulate the air flow 
during the different modes of the operation of the system. For cold air supply, the blades 
are set for horizontal air discharge, while vertical air flow is used to provide hot air at an 
angle of 45o for isothermal flow. 
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2.4 Legislation and Design Guides 
In Bibliography there are many Guides for the Design of an Aquatic Center. According 
to “Natatoriums: the inside story” [11] the main points are described below. 
It is required for a swimming pool ventilation system to control temperature and relative 
humidity in order to maintain comfort conditions for bathers. Bathers are in inferior po-
sition as the are wet. Accordingly, the most important place in the natatorium to main-
tain comfort conditions is the swimming pool area. 
As it was mentioned before, some elements appear to be very harmful for human health. 
So dilute chlorine and other pollutants is the main goal of the proper ventilation system 
in an aquatic center. 
On the contrary to the building regulations, there is no specific legislation for natatori-
ums, but there are numerous different design guides for pools available. These offer a 
wide variety of somewhat differing advice. 
Ventilation rate should be between 2-3 ACH, while 10 l/s of fresh air per total floor area 
and 12 l/s of fresh air per person are required. It is also very important to provide 100% 
fresh air, or minimum 30% fresh air if recirculation is used. 
In regard to pressure, humidity and temperature there are some guidelines too. By 
providing a slight negative pressure on the pool hall we prevent moisture ingress and 
permeation. Controlling over humidity and temperature is of high importance too. Air 
temperature should be about 1oC above pool water temperature. Air temperature should 
generally not exceed 31oC with relative humidity of between 55 and 65%. In order to 
control humidity in a pool hall we can use fresh air as it will always be drier than pool 
air. These values provide thermal comfort both to the bathers and also to the audience. 
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3 Raw data of the model 
In this Chapter the examined building will be described. The building is the Municipal 
Aquatic Center of Kozani.  
The Municipal Aquatic Center of Kozani is located at the boundaries of the urban fab-
ric, as it borders with the open-air stadiums and a forest at the end of the city. At urban 
level, it can be considered as a single unit with the closed gymnasium, although they are 
not in contact but within a short distance. Their construction may be characterized as 
parallel with similar volume.  
The natatorium is closed and is built on the base of the existing Open Swimming Pool. 
The original construction was made up by cement (construction year 1978), while the 
conversion to closed type was made later with the use of metal panels. 
All the data that are mentioned in this chapter were provided by the Municipal Aquatic 
Center of Kozani. 
3.1 Buildings envelope and surroundings  
As it was mentioned before, the aquatic center is located at the boundaries of the urban 
fabric. In Figure 3.1, you can see the exact place of it. The coordinates are Lati-
tude:40.294683 and Longitude 21.782155, while the altitude is 693 m. 
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Figure 3. 1 Map of the Municipal Aquatic Center of Kozani [12] 
 
Buildings envelope is characterized by the metal panels. The construction is completed 
by the old-style aluminum frames. As a general assessment, someone might think that 
the shell is obsolete, unable to isolate the building in heat transfer. This happens due to 
the poor condition of the insulation (polyurethane foam) and the surface of the panels, 
but also due to the problematic fitting of the glazind to the windows frames. The Fig-
ures bellow (Figure 3.2, 3.2,3.4) show the outer shell of the natatorium with it’ s open-
ings. 
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Figure 3. 2 South surface 
 
Figure 3. 3 North Surface 
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East Surface West Surface 
Figure 3. 4 South and West Surface 
 
Aquatic Center consists of one floor and covers an area of 695.36 m2, the roof area 
is 1511.95 m2. The building is completed with a small, compared to the main body, 
basement of 75.2 m2 area which is used as the boiler room. 
3.2 Individual rooms’ characteristics – Usage details 
The natatorium areas support the operation of the swimming pool. More specifically, in 
the central area there are two swimming pools and the bleachers. On the northwest side 
there is the locker room which is divided into men and woman, while in the east is the 
offices. There are also storage rooms and the engine room. All of the above are parts of 
the original construction, with an exception of the additional engine room, which is at-
tached to the shell for the hosting of the heating installation. 
The swimming pool is operating all year, excluding the period from 1/8 to 15/9 for 
maintenance purposes. The operation hours are 09:00-22:30. The number of the swim-
mers does not exceed 400 per day, while the number of spectators is smaller than 100. 
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3.3 Building’s energy performance 
Energy performance of the building can be characterized as inefficient or problematic 
because of the shell’s inability to operate with thermal insulation and also to utilize nat-
ural lightning, energy saving practices, excluding lamps. There are also no renewable 
energy systems. This is also confirmed by the energy consumption presented in Table 
3.1. In Table 3.2 energy costs are presented. 
Table 3. 1 Energy Consumption 
 Year 
 
Energy Source 
2008 2009 2010 2011 2012 2013 2014 
Electricity (kWh) 87880 99760 100320 - - - - 
Petreleum (l) 7000 7000 7000 - - - - 
Heat (MWh) 645.61 594.12 620.78 748.00 567.30 660.97 628.19 
  
Table 3. 2 Energy Costs (€) 
Year 
 
Energy 
Source 
2008 2009 2010 2011 2012 2013 2014 
Electricity  4550.00 3850.00 5390.00 - - - - 
Petreleum  28416.21 27175.69 27003.93 32538.00 24677.55 28752.04 27326.27 
Heat        
 
As you can see, at the tables above. It is necessary to improve the energy performance 
of the building. By trying to convert it to passive building we can achieve better thermal 
comfort with less energy consumption and less costs. 
3.4 Natatorium’s design  
The design programme Solidworks was used for the mesh development. As you can see 
at the Figures (Figures 3.5, 3.6, 3.7, 3.8), the mesh is a more simplified sketch of the 
natatorium.  
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At first, the main body as designed with the openings, the two swimming pools and the 
bleacher.  
Roof, offices and the changing rooms were designed as separate parts. The assembly is 
held by all the different parts. 
 
Figure 3. 5 S.E. surface of the Sketch 
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Figure 3. 6 West side of the Sketch 
 
Figure 3. 7 Sketch of the interior of the natatorium 
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Figure 3. 8 North side of the Sketch 
 
It has to be mentioned that all the edges have to be very smooth, especially the edges 
from different parts that are connected.  
In general, this dissertation thesis focusses on the conditions at the main body (the pool 
and audience area), while the other parts are auxiliary. 
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4 Ventilation calculation 
In this Chapter are described the measurements that took place and the calculation of 
ventilation with the use of the Comis Software.  [13] 
4.1 Experiment description 
In June and July of 2016, a series of measurements were carried out at Public Natatori-
um of Kozani. There were installed ten devices that measured temperature and relative 
humidity, three of the also measured solar irradiation and five carbon dioxide concentra-
tions. At the same time were installed an anemometer, a devise that measured surface 
temperature and a meteorological station. The last one, was placed outside of the natato-
rium. 
More specific, measurements were related to: 
➢ Air’s temperature and humidity 
➢ Surface temperature 
➢ Air velocity 
➢ CO2 concentration 
Measurements took place in different spots of natatorium, especially those that con-
cerned temperature, humidity and CO2 concentration, in order to be able to come to a 
conclusion about the distribution of their values. 
In the next figure (Figure 4.1), you can see the exact places of the measurements devic-
es, while in Table 4.1 devices that were placed at each spot are mentioned. 
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Figure 4. 1 Devises placement 
 
Table 4. 1 Exact place and devise identity 
Place Devise 
1 T-RH-CO2 (E) 
2 T-RH-CO2 (D) - T-RH (Testo) - 
Anemometer 
3a Anemometer 
3b T-RH(1) 
4a Anemometer 
4b Surface Temperature 
5 T-RH-CO2 (C) 
6 T-RH-CO2 (B) 
7 T-RH (4) 
8 T-RH-CO2 (A) 
9 T-RH(3) 
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10 T-RH (2) 
11 Meteorological Station 
 
Measurements took place without notable complication. However, since the swimming 
pool is a gathering area for people of all ages, it is obvious that in some cases they in-
tervened in the procedure of the measurements. More specific, the Hobo B device, 
which recorded temperature, humidity and carbon dioxide, appears to have an error in 
its measurements after 26/6, until the end of the measurements it recorded the maximum 
value. 
With regard to the anemometer and surface thermometers, their measurements were 
stopped due to power failure. These devices were connected to the power supply net-
work in order to operate. 
4.2 Experimental data 
As mentioned, the placement of the instruments has been done in a way that ensures the 
correctness of the measurement positions, together with minimal inhibition of the opera-
tion of the swimming pool. 
4.2.1  Meteorological station 
A position near the natatorium was chosen for the meteorological station, as shown in 
the relevant Figure 4.2. Its location was difficult for people to access, but it was in open 
space to get the best possible display of weather conditions on the days of the measure-
ments.  
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Figure 4. 2 Meteorological station 
 
The measurement data concerned: 
➢ Ambient temperature (Ta) 
➢ Relative Humidity (RH) 
➢ Solar radiation on a horizontal plane (G) 
➢ Speed and wind direction 
➢ mm of rainfall 
➢ Atmospheric pressure 
The following Figures 4.3, 4.4 show the relative values of temperature, humidity and 
solar radiation. 
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Figure 4. 3 Temperature and Relative Humidity of Ambient for the time of measurements 
 
Figure 4. 4 Ambient Temperature and solar radiation for the time of measurements 
4.2.2 Temperature, Humidity and CO2 Sensors 
Five sensors (A, B, C, D, E) were used. They were distributed at various locations in the 
swimming pool, as you can see at the relevant figure (4.1). It is worth mentioning that 
their placement was chosen in order to create a conceivable cross in the pool area. In 
this way the visualization of the conditions in the pool area was the best possible. Figure 
4.5 shows the sensors B, C. 
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In addition to the above, temperature and humidity sensors were also installed. These  
 
There were placed a total of 5 sensors (1, 2, 3, 4, Testo). The testo sensor was the only 
one placed at a higher height than the others, in order to detect if there were any altitude 
difference.  
The following figures 4.6, 4.7, 4.8 show the relative values of temperature for the period 
of measurements and for a typical day. 
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Figure 4. 6 Air Temperature in different places at Natatorium for all the days of the 
measurements (Ηobo A,B,C,D,E) 
 
Figure 4. 5 Sensors of Temperature, Humidity and CO2 (Sensors B,C) 
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Figure 4. 7 Air Temperature in different places at Natatorium for all the days of the measure-
ments (Ηobo 1,2,3,4,testo)  
 
 
Figure 4. 8 Air temperature in different places at Natatorium, for one typical day (day 7) 
 
Figures above are shown that the temperature inside the space is homogeneous, with 
higher values on the South side. This is due to the effect of solar radiation on the rela-
tive sensor, which is located exactly on the South Wall. In any case, the values are high 
and beyond the thermal comfort limits (> 26 ° C) for the daily operation period. 
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In the following Figures (4.9, 4.10) the relative humidity of the air at the different loca-
tions is shown for the total measurements (Figure 4.9) but also for a typical day (Figure 
4.10) of the measurement period. 
 
 
Figure 4. 9 Relative humidity of the air at the different locations, for the total of measurement 
period 
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Figure 4. 10 Relative humidity of the air at the different locations for a typical day (day 3) 
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It is obvious the humidity values are extremely high, contributing to a feeling of thermal 
discomfort for the users. 
Figures 4.10 and 4.11 show the CO2 concentration at different positions of the swim-
ming pool for the whole measurement period and for a typical day. 
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Figure 4. 11 : CO2 concentration at different positions of the swimming pool for the whole 
measurement period 
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Figure 4. 12 CO2 concentration at different positions of the swimming pool for a typical day 
(day3) 
 
The CO2 concentration is not particularly varied in its distribution in space. There are 
some elevated values in the transducer across the North, where increased crowding oc-
curs in conjunction with reduced ventilation. 
4.3 Calculation of ventilation 
In order to find the boundary conditions for the needs of CFD simulation, ventilation 
was calculated for every opening of the Natatorium. The software that was used is Co-
mis. 
Natatorium is a multizone building, it has the main space with the two pools, the office 
and the locker rooms. Comis simulates the ventilation with the logic of the nodes. More 
specifically, it is assumed that each space is a node with homogeneity in temperature, 
humidity and substance concentration. The nodes communicate with openings, pipes, 
doors and windows. The effect of the pressure, associated with the wind speed that 
strikes the building, determines the outer nodes (ventilation). 
The air transfer into a building from one space to another is based on the pressure dif-
ference. For buildings that are passive, ie they do not have a forced ventilation system, 
this difference is given by the following relationship [14]: 
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 from top p p    (4.1) 
In the case of the Municipal Swimming Pool of Kozani, there is no mechanical ventila-
tion system installed. Therefore, the flows that are calculated are exactly the ones that 
exist without external interference. 
It is worth noting that the pressure used by Comis is the reference pressure at the refer-
ence point of the building. This means that the pressure is reduced by 12 Pa per meter of 
height, as it is in reality. 
4.3.1 Comis solver 
Calculating the infiltration and ventilation flow rates requires the solution of a non-
linear system of equations. The main task has been to find an efficient solving method. 
A building is basically modeled by pressure nodes that are interconnected with air flow 
links. For one-time step, the outside of the building is represented by a fixed boundary 
conditions. The pressure of internal nodes in the air flow network have to be solved so 
as to determine the different air flow rates, solving these infiltration and ventilation flow 
rates requires the use of a non-linear system of flow equations.  
The Newton – Raphson method is used., with derivatives, operating on a node- oriented 
network which, in most cases, quickly brings about to convergence of the system of 
equations. The method has been modified to avoid occasional convergence problems 
when working with power functions. Fortunately, the origin of the convergence prob-
lems is well understood. The solving method works on the flow balance equations and 
not on the flow equations. [15] 
4.3.2 Zones 
As shown in Figure 4.13, the natatorium can be divided into three different zones 
(swimming pool area, locker rooms, offices). For the purposes of this diplomat thesis, it 
was assumed that men's and women's changing rooms were a single space as the same 
conditions of temperature and humidity can be prevailed. 
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Figure 4. 13 Floor plan 
 
4.3.3 Different Openings 
Each zone communicates with the rest but also with the outside through some openings. 
These openings are doors, windows or small openings. As mentioned above, there is no 
ventilation system in the swimming pool. Therefore, ventilation is achieved by these 
openings. 
Table 4.2 shows the sizes of windows and doors in the natatorium and their location as 
used in the Comis. Furthermore, it illustrates the type of airflow that we achieve by 
them (inflow, outflow) 
Table 4. 2 Openings’ Characteristics 
  Location Dimensions (m2) Airflow (kg/s) 
W_S1 South  5.8 x 2.6 12.06 (inflow) 
W_S2 South 5.8 x 2.6 12.06 (inflow) 
W_S3 South 5.8 x 2.6 12.06 (inflow) 
W_S4 South 4.3 x 2.6 14.53 (outflow) 
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W_E1 East 5.8 x 2.6 2.26 (inflow) 
W_E2 East 5.8 x 2.6 2.26 (inflow) 
W_E3 East 5.8 x 2.6 15.08 (outflow) 
D_W1 West 1.9 x 2.1 0.59 (inflow) 
 
For the examined cases, it was selected which of the openings below were open and for 
what percentage of their area. 
Figure 4.14 and 4.15 illustrate the exact place for every opening, for all sides of the 
building.  
 
Figure 4. 14 Openings at West and South Side 
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Figure 4. 15 Openings at East Side 
 
4.3.4 Temperature and humidity of each space 
At the end of measurement period, measurements of temperature and humidity were 
carried out for each space separately. The purpose of these measurements was to deter-
mine the difference in temperature and humidity, between pool areas and changing 
rooms and offices. Thus, with a constant difference, the conditions for each day of the 
measurements were calculated. This happened as in June and July there were no sensors 
installed in other areas outside the pool. 
Temperature and humidity that were used for every space are shown in Table 4.3.  
 
Table 4. 3 Temperature and Humidity Average for each space 
 Pool area Locker Room Office 
 T H Τ Η Τ Η 
12/6/2016 26,36 14,68 24,46 14,73 23,86 11,18 
13/6/2016 24,64 15,46 22,74 15,51 22,14 11,96 
14/6/2016 24,62 15,24 22,72 15,29 22,12 11,74 
15/6/2016 25,63 14,51 23,73 14,56 23,13 11,01 
16/6/2016 26,62 14,56 24,72 14,61 24,12 11,06 
17/6/2016 28,16 14,58 26,26 14,63 25,66 11,08 
18/6/2016 29,02 13,02 27,12 13,07 26,52 9,52 
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19/6/2016 26,94 13,19 25,04 13,24 24,44 9,69 
20/6/2016 27,53 13,62 25,63 13,67 25,03 10,12 
21/6/2016 28,87 13,02 26,97 13,07 26,37 9,52 
22/6/2016 28,61 11,15 26,71 11,20 26,11 7,65 
23/6/2016 28,21 11,43 26,31 11,48 25,71 7,93 
24/6/2016 28,56 12,43 26,66 12,48 26,06 8,93 
25/6/2016 28,10 11,65 26,20 11,70 25,60 8,15 
26/6/2016 25,94 12,09 24,04 12,14 23,44 8,59 
27/6/2016 26,84 11,15 24,94 11,20 24,34 7,65 
28/6/2016 25,95 11,96 24,05 12,01 23,45 8,46 
29/6/2016 25,56 11,25 23,66 11,30 23,06 7,75 
30/6/2016 26,93 11,93 25,03 11,98 24,43 8,43 
1/7/2016 26,12 13,84 24,22 13,89 23,62 10,34 
2/7/2016 25,25 13,66 23,35 13,71 22,75 10,16 
3/7/2016 25,89 12,97 23,99 13,02 23,39 9,47 
4/7/2016 27,20 12,74 25,30 12,79 24,70 9,24 
5/7/2016 27,07 13,32 25,17 13,37 24,57 9,82 
6/7/2016 25,68 14,51 23,78 14,56 23,18 11,01 
 
 
4.4 Results – Calculated ventilation 
Five case were examined for the calculation of ventilation. 
1) All openings closed shut 
2) 50% opened W_S1, W_S2, D_W1 
3) 100% opened W_S1 & W_E1 
4) 100% opened W_S1 & W_E1, 50% W_S2, W_S3, W_E2 
5) 100% opened all frames 
 
These cases were selected based on the habits of the occupants, after observing them. 
The results of the ventilation rate for each case are shown in Figure 4.14. 
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Figure 4. 16 Comparison of the five cases 
As you can see, in case 1 the ventilation rate is too close to zero, this is logical as venti-
lation from closed windows is minimal. In case 2 is again very low. Cases 3 and 4 are 
too close to each other. Finally, Case 5 is the one that gives us the desired ventilation (2 
ACH) [7]. 
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5 CFD Simulation 
In this Chapter will be described the procedure of computing the ventilation for the na-
tatorium by using the CFD approach. The software that use used is the Fluent of the An-
sys. 
By using Computational Fluid Dynamics (CFD) simulations was attamed the solving of 
the interaction between the urban wind flow and the indoor airflow, in order to assess 
indoor natural ventilation. [16] 
It has to be mentioned that in the line charts below, x axis does not start from zero. This 
has to do with the drawing of the building at Solidworks software, as the cartesian cen-
ter of axis is offset out of the natatorium. 
 
5.1 Mesh development  
Building was divided in 20 surfaces and two bodies. Every window and door were cho-
sen to be a single surface in order to simulate ventilation, while inside air and bleacher 
are consider as volumes. Volumes help the monitoring of ventilation inside the building 
and also the CO2 emissions of the audience.  
 
In Figure 5.1 you can see, the mesh development for the Aquatic Center of Kozani. 
 
Figure 5. 1 Mesh development 
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The finite elements used to create the mesh grid are exclusively  tetrahedrons, which size 
ranges from 0.0753968 m to 2.04792 m and their growth ratio is 1.2. It should be noted 
here that these assumptions led to a less dense mesh grid, however the results are not 
affected by these. 
Mesh was set to be denser near the pools, bleacher and near edges. Figure 5.2 and 5.3 
show these details. 
 
Figure 5. 2 Mesh section 
 
 
Figure 5. 3 Mesh of the floor and pools 
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5.2 Boundary conditions 
Boundary conditions were set by the results of Comis.  
The output of Comis is air changes per hour, especially for the windows it computes the 
mass flow in. In order to use those results in ANSYS, conversion to velocity of the air 
that enters the building was needed. For each case, the area of the window and door was 
known. Accordingly, by using the Continuity Equation (5.1), velocity inlet was calcu-
lated. 
 m u   (5.1) 
Where: 
 m = inflow (
kg
s
) 
 ρ= air density at ambient temperature ( 3
kg
m
 ) 
 Α= area of the inlet (m2) 
 u = air velocity (m
s
) 
This conversion is very important. At the time boundary conditions are set, there are 
different options. Velocity inlet is the optimum choice, according the dismissal of pres-
sure data for the inlets. Accordingly, we converted inflow that was calculated at Comis 
to velocity using the Equation 5.1 for different opening areas.   
For the solid materials of the Kozani’s Aquatic Center, they were chosen to be walls. 
Buildings envelope was set as aluminum, windows as glass, floor as granite, bleachers 
as cement and pools as water. 
 
Table 5. 1 Building Temperatures 
Element Temperature (oC) 
South Windows 29 
East Windows 27 
West Windows 26 
Office 27 
Locker room 27 
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Building’s envelop 27 
Pools 27 
Bleacher 27 
Roof 31 
Floor 25 
 
Table 5. 2 Inlet velocities 
Openings  Velocity (m/s) 
South openings 0.8 
East openings 0.15 
West openings 0.15 
 
 
Table 5. 3 CO2 Release 
Element CO2  release 
Bleacher 0.000018 kg/s 
Openings 400 ppm 
 
Tables 5.1, 5.2, 5.3 illustrate data pertaining to temperature, velocity and CO2 emis-
sions. Temperature was measured during measurement period and velocity was calcu-
lated from inflow results of Comis. CO2 emissions was calculated according to ASTM. 
[17] 
In Figure 4.14 and Figure 4.15, at previous chapters, represent those openings. 
 
5.3 Simulation results 
In this Diploma Thesis where examined three different scenarios, the first one is divided 
into three cases. The first scenario includes an isothermal simulation (without taking 
into account energy), a run with energy on and a run with CO2 emitted by audience.  
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Afterwards, the case of more crowded audience was examined. In this way, we can ex-
amine the effect of people to human comfort inside the Natatorium (3rd scenario). In ad-
dition, it was also examined the case of using different openings and windows at the 
Natatoriums envelope (2nd scenario). 
5.3.1 First Scenario 
As it was mentioned the first scenario can be separated in three cases.  
 
First case – Isothermal 
Results of this simulation is the base to all other simulation scenarios. In this case we 
examine the flow of the ventilation without consideration the energy transfer or the CO2 
emissions. This means that temperature is not taken into consideration. The model was 
converged in about 500 iterations and the results are shown in the next figures. 
For Viscous Model, the Realizable k–epsilon model is used. This is an improvement on 
the well–established Standard k–epsilon model. The realizable k-e turbulence model is 
chosen because of its general good performance for wind flow around buildings [18] 
and the overall good performance of k-ε models for indoor airflow [19]. Pressure - ve-
locity coupling is taken care of by the SIMPLE algorithm, pressure interpolation is 
standard and second-order discretization schemes are used for both the convection terms 
and the viscous terms of the governing equations. 
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Figure 5. 4 Velocity streamline in the building (1st case) 
 
 
Figure 5. 5 Velocity at a plane in the middle of Natatorium (1st case) 
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Figure 5. 6 Velocity over 0.7 m/s (1st case) 
 
The Figures 5.4, 5.5 above illustrate the air velocity inside the building. There is a 
gradual rise of the velocity with a peak of 2.15 m/s as we move to the building’s outlets. 
Above the two pools velocity ranges between 0.3 to 0.9 m/s. This values are very close 
to the upper limit of the desirable velocity according to ASHRAE [4]. This means that 
there is margin for improvement conserning the air speed above the pool area.  
Figure 5.6, illustrates the places where air velocity is higher than 0.7 m/s.  
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Range of Chart Velocity over length 
Figure 5. 7 Chart diagram of velocity over pool (1st case) 
As you can see at the Figure 5.7 above, over the pool area velocity increases close to 0.7 
m/s.  
 
 
Figure 5. 8 Pressure distribution  (1st case) 
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Figure 5. 9 Pressure at the middle of the Natatorium (1st case) 
 
  
Range of Chart Velocity over length 
Figure 5. 10 Pressure profile over height (1st case) 
 
Pressure decrease Linear from the bottom to the top of the natatorium, Figure 5.10 
shows the pressure in a line at the middle of the large pool from the bottom to the top. 
Near the roof it takes the minimum value near 0.5 Pa, as you can see in Figures above. 
Figures 5.8 and 5.9 show the general look of pressure inside building. 
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Second case – Energy on 
In this case Energy was on. That means that temperature’s impact on the model is taken 
into consideration.  
For a line above the large pool from the front openings to the wall of Locker rooms 
temperature is shown in Figure 5.11, the area of pool is between -71 to -65. As you can 
see, air temperature difference is insignificant, it ranges between 302 to 301.65. This 
proceeds from the time that measurements took place. In the summertime temperature is 
high and almost steady. The higher value is meet near the south area and near the roof, 
as these are the areas most exposed to sunlight. 
 
  
Range of Chart Temperature over length 
 
Figure 5. 11 Temperature profile over length (2nd case) 
 
  
Range of Chart Temperature over heigh 
Figure 5. 12 Temperature over height (2nd case) 
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Figure 5.12 illustrates the linear increase of temperature with height. Although tempera-
ture differences are very small, you can see that there is a pattern as we going higher. 
Furthermore, in these case is possible to examine whether or not our model is close to 
the experimental measurements that we have. Air temperature is about 26 oC, value very 
close to the measurements of the day that has been examined.  
Flow pattern has been modified as you can see at the Figure 5.13 below.  
 
 
Figure 5. 13 Velocity streamline (2nd case) 
In this case air flow is more vibrant, especially near the openings. This happens because 
of the slight temperature differences to the temperature of the walls according to the dif-
ferent orientation of each.   
For the same area as Figure 5.7, velocity over length is represented at Figure 5.14. Air 
velocity have the same values. 
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Range of Chart Temperature over heigh 
Figure 5. 14 Velocity over length (2nd case) 
 
At this point, it is useful to examine if the measurement results comply with CFD simu-
lation.  
 
Figure 5. 15 Position of Temperature sensors (2nd case) 
Figure 5.15 illustrates temperature distribution on a plane 1 meter higher of the floor. At 
this height sensors were placed. Accordingly, Table 5.4 shows the measured tempera-
ture and the one that was calculated by Ansys for every spot. 
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Table 5. 4 Temperature at 6 positions (measured and calculated) 
Position Tmeasurements (
oC) TCFD (
oC) Error (%) 
1 27.5 29 5,17 
3 27.3 29 5,86 
6 25.1 28.3 11,31 
7 28.3 29 2,41 
8 27.2 29 6,20 
10 26.3 28.5 7,72 
   
As you can see, the error is less than 10% for all the places, except position 6. This hap-
pens because the North- East door is very close and sunbeam is limited. Accordingly, 
the temperature at that point is lower.  
The higher Temperature values that CFD calculation has provide, indicates that the 
boundary conditions that has been selected are of higher temperature than the real tem-
perature of the ambient.  
 
Third Case – Species Transport 
In this Case CO2 emissions were introduced. CO2 emissions are calculated per person 
according ASTM. [17] 
The relationship between carbon dioxide concentration and air quality, as well as the 
relationship between carbon dioxide and ventilation, is based on the degree of CO2 pro-
duction by humans. People produce carbon dioxide and consume oxygen at a rate that 
depends on the degree of physical activity and their size.  
The consumption rate of Oxygen, VO2 (L/s), of one person is the following 
 
2
0.0027
(0.23 0.77)
D
O
A M
V
RQ

  (5.2) 
Where, 
RQ: Respiratory Quotient, the relative volumetric rates of Carbon Dioxide produced 
to Oxygen consumed 
M: the level of physical activity, or the metabolic rate per unit of surface area, in 
mets (1 met = 58.2 W/m2) 
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AD: the DuBois surface area in m
2 and can be estimated by the following equation 
 
0.725 0.4250.203DA H W  (5.3) 
Where, 
H: the body height in m 
W: the body mass in kg 
For an adult of average size, AD =1.8 m
2. The value of RQ depends on diet, the level 
of physical activity and the physical condition of the person and is equal to 0.83 for 
an adult of average size adult engaged in light or sedentary activities. RQ increases to 
a value of about 1 for heavy physical activity, about 5 met. Given the expected range 
of RQ, it has only a secondary effect on carbon dioxide generation rates.  
Therefor, 
 2O
G V RQ •
 (5.4) 
Generation rate of CO2 of an individual is equal to VO2 multiplied by RQ. Figure 
5.16 shows oxygen consumption and carbon dioxide generation rates as a function of 
physical activity for an average – sized adult with a surface area of 1.8 m2 an RQ = 
0.83. 
 
 
Figure 5. 16 CO2 generation and oxygen consumption as a function of physical activity [17] 
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Table below (Table 5.5) shows the Met's variation in human activity. 
Table 5. 5 Met’s Variation [17] 
Activity Met 
Seated, quiet 1 
Reading and writing, seated 1 
Typing 1.1 
Filing, seated 1.2 
Filing, standing 1.4 
Walking at 0.9 m/s 2 
Exercise 3 – 4 
 
In our case, we examine the audience. They are adults, seated. Accordingly, CO2 
generation per person is equal to 0.0042. Airflow inserts CO2 as it enters the build-
ing. This is equal to the CO2 concentration at the ambient, equal to 400 ppm.  
CO2 diffusion inside the Natatorium is shown in Figure 5.17. 
 
Figure 5. 17 CO2 Diffusion (3rd case) 
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CO2 mass fraction is denser at the place of the bleacher, as it was expected. Carbon 
dioxide spreads to the natatorium slightly. Accordingly, we expect discomfort at the 
area of the bleacher when audience is very crowded. [18] This case will be examined 
in the third scenario. 
Temperature, velocity and pressure do not change in this case. They are similar to the 
cases that were examined before, so it is not needed to be presented here. 
5.4 Alternative Scenarios 
The first Scenario’s simulation for every case provided some very useful information. In 
order to broaden these information alternative scenarios were examined. At first, we 
tried to simulate ventilation using different openings at building’s envelope and then to 
see the effect of a more crowded audience. The results are described below. 
5.4.1 Alternative openings 
The exact position of the openings defines the profile of the inlet air flow. Accordingly, 
we should attach importance to the optimum placement of the windows. 
 The current envelope of Kozani’s Aquatic Center gives us the opportunity to place new 
openings.  
There are two big windows placed the first one behind the bleachers and the second is a 
part of the roof that is made from glass. Both windows do not possess opening mecha-
nism, but by simple changing the frames we can make the functional. 
The advantage of the position of these windows is their height. Simple by opening them 
we could achieve the same air changes per hour with lower air velocities at the area of 
the pools. Figure 5.18 and 5.19 illustrate the openings that were examined in this sce-
nario. 
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Figure 5. 18 Windows at East, South and roof (2nd scenario) 
 
Figure 5. 19 Windows at West and East (2nd scenario) 
 
 
Next Figures illustrate the profile of air movement inside Kozani’s natatorium by open-
ing these windows (Figure 5.21, 5.22). As the air velocity is not known for these win-
dows, they were set as pressure outlets in order to be possible for the air flow to be cal-
culated either as inflow or as outflow.[19] Figure 5.20 shows the streamline of air ve-
locity inside the building. As you can see, dense airflow has been displaced at the upper 
side of the natatorium near the roof. 
-60- 
 
Figure 5. 20 Streamline of velocity (2nd scenario) 
 
 
Figure 5. 21 Alternative Scenario’s air velocity over Χ axis (2nd scenario) 
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Figure 5. 22 Alternative Scenario’s air velocity over Y axis (2nd scenario) 
 
As you can see, high speed airflows are displaced at upper layer. In order to see the ex-
act speed for air movement we examine the air velocity as a function of a line from the 
middle of the large pool until the top of the building. (Figure 5.23) 
 
  
Range of Chart Velocity over heigh 
Figure 5. 23 Air velocity over height (2nd scenario) 
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As you can see, velocity increases linearly with height. Air flow near the pool is lower 
than 0.7 m/s.  
For the same area that was examined in paragraph 5.3.1 the chart diagram for air veloci-
ty over height is the following. Air velocity in this case is much lower at the pool area, 
something very important according the needs of the bathers. (Figure 5.24) 
  
Range of Chart Temperature over heigh 
Figure 5. 24 Air velocity over length (2nd scenario) 
 
Regarding pressure, Figure 5.25 shows that there is no difference with the previous par-
agraph, concerning pressure profile. 
  -63- 
 
Figure 5. 25 Pressure profile (2nd scenario) 
5.4.2 Alternative CO2 emissions 
CO2 emission, as it was mentioned before, is a function of the number of people and the 
level physical activity. By increase the crowd of the audience it may cause a discomfort 
inside the building. This argument is tried to be examined in this paragraph. 
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Figure 5. 26 CO2 emissions (3rd Scenario) 
 
 
Figure 5.26, illustrates the CO2 concentration in the natatorium. CO2 mass fraction is 
denser at the place of the bleacher, as it was expected. Carbon dioxide spreads to the 
natatorium more rapidly than case 3 of first scenario. Simple by double the number 
of the people to the audience. This happens as there are two openings near the 
bleachers. This mean that airflow helps to maintain comfort conditions. [20] 
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6 Conclusions 
In this Diploma thesis, an investigation of CFD simulation for ventilation at the Munic-
ipal Swimming Pool of Kozani was carried out. It is worth noting the importance of ad-
equate ventilation in any building, as this avoids health problems associated with respir-
atory, ocular, psychological, skin and other symptoms. More specific for aquatic cen-
ters, proper ventilation and fresh air supply is the main way of removing harmful sub-
stances from the air above the pool and for controlling the indoor environment quality, 
which is affected by the chlorine by-products which are evaporated by the pool’s water, 
high temperature and humidity. 
According to the experimental investigation of thermal comfort conditions, it can be 
stated that in the Municipal Swimming Pool of Kozani air temperature is homogeneous, 
with higher values in the South and Southeast, while the same side has the highest sur-
face temperature values. This is because the swimming pool on that side is exposed di-
rectly to the sun's rays. The average temperature is high and beyond the thermal comfort 
limits (> 26 ° C). The same applies to moisture, which has been measured to have ex-
tremely high values, thus constituting a feeling of thermal discomfort for users.  
CO2 concentration shows an increasing trend from 10:00 to 22:00, hours during which 
the swimming pool is in operation and there is large crowd, especially between 16:00 
and 20:30. The concentration seems to have homogeneity within the space, while its 
higher values correspond to the North-East side where crowds of individuals occur in 
conjunction with reduced ventilation. Regarding the wind speed inside the natatorium, 
higher values are seen in the Southeastern position, where most openings occur, while 
elevated values during the day are due to the high temperature, humidity and CO2 val-
ues that lead staff to the natural solution ventilation through the opening of the frames. 
Regarding the ventilation of the natatorium, although its envelope may be characterized 
as obsolete with poor thermal insulation behavior due to the poor insulation status and 
the presence of old aluminum frames with problematic joints, the level of ventilation is 
not the desirable. More specifically, using the software of Comis the calculated ventila-
tion rate has an average of 0.44 ACH for small number of the frames open, while the 
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desirable ventilation of 2 ACH happens when all the frames are open. As someone 
would expect, when frames are close the infiltration is about 0.06 ACH. 
CFD approach gave a clearer view to the exact conditions inside the Kozani’s aquatic 
center. At the first scenario that was examined the current situation of natatorium. Run-
ning without temperature gave the profile of airflow inside the building. As it was ex-
pected, air speed is higher near the openings. Over the pool area, which is the area of 
interest, air velocity is near the upper limits that are given from the literature. Pressure 
seems to decrease over height. In the case that temperature was taken into consideration 
airflow pattern did not change. Temperature profile show that there are not remarkable 
differences to the temperatures inside the building, as the examined period is summer 
when temperature is high both inside and outside. In the case that CO2 concentration 
was introduced, CO2 mass fraction is denser at the place of the bleacher. Carbon dioxide 
spreads to the natatorium slightly. The alternative scenarios tried to examine the results 
in adding windows and doubling the audience.  
First alternative scenario proposed that by adding openings at higher positions we can 
maintain air changes per hour, with minimizing air velocity at the pool area. This could 
be very useful as the condition of the bathers jeopardize their health when velocity at 
this place of the building is high. The second alternative scenario examined the more 
crowded audience. The result of that was the increasing of the CO2 concentration at the 
bleacher. This could cause discomfort in sport events when audience is that crowded. 
So, natural ventilation seems inefficient to provide the desirable ventilation rate. 
High wind speeds in the main pool area should be avoided given the lack of clothing of 
the pool users. Generally, high wind speeds are important to avoid for thermal comfort 
purposes and to ensure the health of the users. With regard to the improvement pro-
posals, the CFD simulation has shown that in the case where there are supplementary 
windows at higher level open we meets the requirements for ventilation efficiency. In 
such a case, however, account should be taken of the fact that large quantities of fresh 
air, cold in the winter and hot in the summer, will be imported, which will heat the 
space.  
In any case, the practice of natural ventilation is an interesting solution for correspond-
ing applications, both at the level of air renewal and the coverage of sensible and latent 
loads, but it must be properly implemented in order not to jeopardize user’s health. Pos-
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sibly, in cases where the application of natural ventilation is restricted, the combining 
natural and mechanical ventilation is the appropriate technological solution. 
6.1 Proposals for further investigation 
This Dissertation Thesis have perspectives for future research, both experimentally and 
computationally. In particular, the measurements made at the Municipal Aquatic Center 
of Kozani, took place only in the summer when there is no need for space heating. It 
would be useful to carry out a measurement during the winter period, so that there is a 
complete picture of the situation. At the same time, the analysis of the results also re-
veals the importance of adapting the existing methods of experimental analysis to the 
particularities of applications of sports facilities, especially of swimming pools. At the 
level of measurement, a more extensive investigation could be made, including the 
locker room and the office, and of course by solving some technical issues regarding the 
reliability of the measured values. 
At computational level, the analysis could be expanded by exploring the effectiveness 
of various different openings, including the installation of new ones, especially at the 
level of through-ventilation. Different requirements for air temperature and air velocity 
in the main pool area are a major challenge in the design of ventilation, air conditioning 
and air circulation systems. For example, the ventilation and air conditioning system 
can be designed appropriately to create comfort zones where athletes, spectators and 
other users are required, combining zones with different conditions. Airflow have been 
calculated using Computational Fluid Dynamic (CFD) analysis with the software of An-
sys, and has provided some useful guidance for designing the system to meet these re-
quirements. CFD computational analysis can be very useful for investigating undesira-
ble high air velocities in specific areas of the main swimming pool area. Accordingly, 
CFD is a very useful tool and by adding alternative openings we could find the optimum 
ones. Parameterization of the results could provide the improvements at envelopes de-
sign of aquatic centers. 
Furthermore, we could calculate the effect of athletes to CO2 distribution. In this thesis, 
it is only examined the case that CO2 is released from the audience at the area of 
bleacher. Accordingly, it would be very useful in terms of human comfort to analyze a 
more complicated model. 
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Finally, investigating the effectiveness of the combination of mechanical and natural 
ventilation and its optimization, presents a significant perspective at the research level. 
As it was mentioned before, natural ventilation could not achieve the desirable ventila-
tion rate for aquatic centers. Accordingly, using CFD someone could simulate different 
mechanical ventilation technics as vent, fan or more complex mechanical ventilation 
systems. Openings positioned appropriately for air extraction could help to improve air 
circulation. Small air inlets located under the seats at bleacher, inject air, can distribute 
the air efficiently with minimal airflow. All these scenarios could be simulated using the 
CFD approach in order to end up with the more appropriate solution. 
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